The presence of oxysterols in macrophages isolated from atherosclerotic tissue and the effect of oxysterols on the regulation of lipoprotein lipase (LPL) mRNA were studied. Both rabbit and human macrophages, freshly isolated from atherosclerotic aorta, show about the same distribution of oxysterols, analyzed by isotope dilution mass spectrometry, except that all three preparations of human arterial-derived macrophages contained high levels of 27-hydroxycholesterol, which was not found in rabbit macrophages. To determine if oxysterols regulate LPL expression, human monocyte-derived macrophages were incubated with different oxysterols. Incubation with 7 ␤ -hydroxycholesterol and 25-hydroxycholesterol resulted in a 70-75% reduction of LPL mRNA, analyzed by quantitative RT-PCR. Cholesterol and other tested oxysterols showed no effect on macrophage LPL mRNA expression compared with control. LPL activity in the medium was also reduced after exposure of the macrophages to 7 ␤ -hydroxycholesterol and 25-hydroxycholesterol. In conclusion, we have demonstrated accumulation of oxysterols in macrophage-derived foam cells isolated from atherosclerotic aorta. There was suppression of LPL mRNA in human monocyte-derived macrophages after incubation with 7 ␤ -hydroxycholesterol and 25-hydroxycholesterol. It is tempting to suggest that an exposure to oxysterols may explain our earlier observation of a low level of LPL mRNA in arterial foam cells. ( J. Clin. Invest. 1996. 97:461-468.)
Introduction
Macrophage-derived foam cells are one of the hallmarks of the atherosclerotic lesion. Because in vitro studies suggest that macrophages take up native LDL at rates that are insufficient to induce foam cell formation, oxidative modification of LDL has been implicated in foam cell formation and in the pathogenesis of atherosclerosis (1) . Oxidation of LDL results in modified LDL that is taken up via the scavenger receptor, present on macrophages (2) .
One consequence of LDL oxidation is the formation of numerous oxysterols (3, 4) . Several studies have shown that oxysterols show characteristics that may play a role in atherogenesis, such as inhibition of LDL receptor function in human fibroblasts (5) , stimulation of acyl-CoA:cholesterol acyltransferase activity leading to increased formation of cholesterol ester (6, 7) , and inhibiting the synthesis of prostaglandin I 2 by endothelial cells leading to enhanced platelet adhesion (8) . In addition, oxysterols have also been found to be cytotoxic to endothelial cells and smooth muscle cells in vitro (9) (10) (11) .
Hodis et al. (12) found that cholesterol feeding in rabbits increased cholesterol oxide levels in plasma and aortic tissue in parallel. The antioxidants probucol and butylated hydroxytoluene (BHT) 1 inhibit the formation of atherosclerotic lesions and decrease the content of oxysterols in rabbit aorta and in plasma (13) (14) (15) (16) . Recently, we reported that macrophagederived foam cells isolated from atherosclerotic rabbit aorta contain very high levels of cholesterol ester and cholesterol (17) . Hypothetically, if the foam cells have taken up oxidized lipoprotein, some of the cholesterol found in these cells should be oxidized. To our knowledge, occurrence of oxysterols has thus far only been studied in the atherosclerotic aorta in toto, and, with the exception of 27-hydroxycholesterol (18) , nothing is known about the presence of oxysterols in isolated arterial macrophages.
In previous studies examining the lipoprotein lipase (LPL) mRNA and enzyme activity in macrophage-derived foam cells isolated from human atherosclerotic aorta, we found that isolated foam cells expressed very low levels of LPL compared with cultured human monocyte-derived macrophages (HMDM) (19) . These human aortic foam cells also contained high levels of cholesterol ester and free cholesterol. It is not clear what causes the low expression of LPL in the arterial foam cells. Various aspects of the regulation of LPL synthesis in macrophages have been studied recently (20) (21) (22) (23) . Lipid loading of macrophages by incubation with chylomicrons, VLDL, and intermediate density lipoprotein is known to suppress LPL secretion up to 70% (23) . In contrast, LPL secretion was enhanced in human monocyte macrophages by incubation with hypertriglyceridemic VLDL (21). Inflammatory macrophages secrete severalfold more LPL than resident cells, whereas LPL secretion in activated macrophages is almost completely turned off (20, 22) .
The present study was performed to determine if macrophages isolated from atherosclerotic tissue contain oxysterols, and if these oxysterols could mediate a downregulation of LPL mRNA. In view of our previous observations that isolated foam cells expressed very low levels of LPL compared with cultured HMDM (19) , it was of interest to determine if oxysterols could mediate downregulation of LPL mRNA in HMDM.
Methods
Isolation of cells from tissue. Human atherosclerotic tissue samples were obtained from abdominal aorta (subjects 1 and 3) and femoral artery (subject 2) from patients undergoing surgery, because of aortic aneurysm or intermittent claudication. The fresh aortic tissue was immediately placed in a test tube containing HBSS.
We used atherosclerotic aortic tissue and plasma from four New Zealand white (NZW) rabbits and from four Watanabe heritable hyperlipidemic (WHHL) rabbits. Atherosclerosis was induced in the NZW rabbits by combining endothelial injury with cholesterol feeding (24) . From the day of injury, the rabbits were fed standard rabbit chow supplemented with 1% cholesterol for 12 wk. The WHHL rabbits were fed rabbit chow without additives. Blood samples were collected in tubes containing EDTA and BHT. Human and rabbit aorta were treated the same. The aortic specimens were treated under aseptic conditions, the adventitia was removed, and intima media preparations were used for cell isolation. BHT 0.01% was added to cell culture media and to PBS to prevent autoxidation. The aortic tissue was digested with collagenase solution as previously described (24) , and the isolated cells were suspended in medium RPMI 1640, supplemented with 1% BSA. The cell suspension was kept on a slurry of ice and water during the isolation and immunomagnetic fractionation.
Macrophages were isolated by using mAbs and magnetic microspheres as described (17) . Briefly, the heterogeneous cell suspension was preincubated with uncoated dynabeads (Dynal AS, Oslo, Norway) for 10 min to get rid of collagen and elastin fibers. Then the rabbit aortic cells were incubated with rabbit antimacrophage antibody (RAM11), kindly provided by Dr. Allen Gown (University of Washington, Seattle, WA). Human arterial macrophages were isolated by incubation with anti-Leu-M3 (Becton Dickinson & Co., Sunnyvale, CA), detecting the CD14 antigen present on human monocytes/macrophages. The rosetting procedure was carried out by mixing pretreated cells with magnetic beads coated with sheep anti-mouse IgG (Dynal AS). The target cells were then isolated by applying a magnet. Rosetted cells were washed several times with PBS with BHT and inspected for the presence of nonrosetted cells by light microscopy. The rosetted isolated cells were quantitated by counting in a hemocytometer. CD14 ϩ cells were also directly isolated from mononuclear cells from buffy coat by the same procedure that was used for digested cells from tissue. Total foam cell preparation, freshly isolated, was obtained by density gradient centrifugation as described by Rosenfeld et al. (25) .
This study was approved by the Ethics Committee and Animal Ethics Committee of Research at the University of Göteborg, Sweden.
Lipid analysis. The macrophages isolated from tissue were divided into two fractions. One fraction was kept in PBS with BHT and stored at Ϫ 20 Њ C until analysis of oxysterols. The other fraction from tissue macrophages was used to analyze the content of cholesterol ester, triglycerides, and free cholesterol by using TLC combined with flame ionization detection (FID) (26) . Lipids were extracted from the cells and from plasma as described by Folch et al. (27) with the addition of BHT, and the sample was applied on a quartz rod coated with silica gel (Chromarod SIII; Newman-Howells Associates Limited, Winchester, UK). Separation of lipids was performed with the use of two sequential solvents: hexane/ethyl ether (9:1 vol/vol), hexane/ethyl ether/acetic acid (72:18:1). After each solvent, FID was used to quantify the lipids. The measurements were performed on Iatroscan TH-10 MK2 (Newman-Howells, Winchester, UK), and signals were integrated on a computer (Hewlett-Packard Co., Palo Alto, CA).
Quantification of cholesterol ester and free cholesterol was made by standard comparison.
Oxysterol analysis. Concentrations of oxysterols were determined by isotope dilution mass spectrometry (28) . Briefly, 4 ml of ethanol and 0.5 ml of 5-M NaOH was added to the samples, which were stirred under an argon atmosphere at room temperature for 15 h. Neutralization was accomplished by addition of 2.5 ml of 1-M HCl. The lipids were extracted from the cells with methanol/chloroform 1:2 (vol/vol). After evaporation of the solvent, the samples were dissolved in 0.5 ml chloroform and fractionated (Bond-Elut NH 2 column; Varian Sample Preparation Products, Harbor City, CA) as described (29) . The neutral lipid fraction was collected, and the solvent was removed under gentle stream of argon and the residue was dissolved in 0.5 ml of methanol/water 9:1 (vol/vol). The oxysterols were then analyzed as previously described (28) using deuterated oxysterols as internal standards.
Macrophage cell culture. Mononuclear cells were isolated from buffy coats by the Ficoll-Hypaque procedure (30) . HMDM were obtained by culturing mononuclear cells from buffy coat. Mononuclear cells were plated at a density of 10 7 cells per dish. After removal of nonadherent cells, the adhered monocytes were cultured in RPMI 1640 supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 10% FCS, and 10% human serum. Every 2 d, the medium was changed. After 7 d, the cells were washed twice with PBS, and oxysterols were added to the cells at a concentration of 5 g/ml RPMI 1640 medium with 10% FCS. The sterols,
, and 5-cholesten-3 ␤ ,27-diol (27-hydroxycholesterol) (Department of Clinical Chemistry, Huddinge Hospital, Huddinge, Sweden), were dissolved in ethanol and added to the culture medium at a final concentration of 0.1% ethanol. The control incubations were performed in medium containing 0.1% ethanol. After 24 h, the medium was collected, the cells were washed twice with PBS, and total RNA was isolated. To release LPL to the medium, heparin 10 U/ml (Löwens, Malmö, Sweden) was added to the cells 30 min before collecting the medium. The cell viability was evaluated by a dye exclusion test with trypan blue.
Determination of LPL activity. LPL activity released into the medium was determined as previously described (31) . In brief, samples of the medium (5 l) were incubated in duplicates in a total volume of 200 l at 25 Њ C for 90 min. The substrate was prepared by sonication of [ 3 H]triolein (Department of Physiological Chemistry, University of Lund, Sweden) into Intralipid (Kabi Pharmacia, Stockholm, Sweden). The procedure developed by Spooner et al. (32) was used to extract fatty acids for counting. Bovine skim milk was used as a standard to correct for interassay variation. Activity was expressed in milliunits per 10 6 cells. 1 mU corresponds to 1 nmol fatty acids released per min. Control experiments showed that the assay was linear with amount of sample and time over the range used.
Preparation and analysis of RNA. Total cellular RNA was isolated from the HMDM by guanidinium-hydrochloride/isothiocyanate extraction and CsCl gradient ultracentrifugation (33) . The following oligonucleotide primers for LPL were synthesized on a DNA synthesizer (Applied Biosystems, Inc., Foster City, CA): 5 Ј -GAGATTT-CTCTGTATGGCACC-3 Ј and 5 Ј -CTGCAAATGAGACACTTT-CTC-3 Ј . The 5 Ј primer spanned the junction of the first two exons, and the 3 Ј primer spanned the junction of the next two exons for LPL (34) . The 5 Ј primers were labeled in the 5 Ј end with [ ␥ -32 P]ATP using polynucleotide kinase. RNA was reverse transcribed into cDNA, and the cDNA was then amplified, together with an internal standard (pAW 109). pAW109 is a synthetic cRNA that contains 5 Ј primers of 12 target mRNAs followed by the complementary sequences of the 3 Ј primers. Quantitative analysis was performed by PCR as described (19) , using Gene Amp RNA PCR kit (Perkin-Elmer Corp., Norwalk, CT). Briefly, the reverse transcription mixture in a volume of 20 l containing 1-10 ng total cellular RNA from macrophages, 10 5 molecules of pAW109 cRNA and random hexamer primer was incubated at room temperature for 10 min, at 42 Њ C for 15 min, heated to 99 Њ C for 5 min, and then incubated at 5 Њ C for 5 min. After reverse transcription, serial 1:2 dilutions of the cDNA mixture were amplified by using the 3 Ј primer together with the 32 P-labeled 5 Ј primer. The PCR amplification protocol involved denaturation 95 Њ C for 1 min, annealing 60 Њ C for 1 min in 35 cycles, and extension 60 Њ C for 7 min for the analysis of mRNA for LPL. All incubations were done in a DNA thermal cycler (Perkin-Elmer Corp.). The PCR products were then separated on a 4% GTG agarose gel (Nusieve; FMC Bioproducts, Rockland, ME). The electrophoresis was run for Ͼ 5 h and visualized with ethidium bromide (Merck, Darmstadt, Germany). Appropriate bands were cut out from the gel and melted, and the radioactivity was determined by liquid scintillation counting. The amounts of radioactivity recovered from the excised gel bands were plotted against the template concentrations.
Results
Oxysterol content in arterial macrophages and in plasma. The major oxysterols identified in macrophages isolated from atherosclerotic rabbit aorta were either 7-oxygenated (7-ketocholesterol, 7 ␤ -hydroxycholesterol and 7 ␣ -hydroxycholesterol) or 5,6-oxygenated (5,6 ␣ -5,6 ␤ -epoxycholesterol and cholestane-3 ␤ ,5 ␣ ,6 ␤ -triol). In addition, smaller amounts of sidechain hydroxylated oxysterols, 24-, 25-, and 27-hydroxycholesterol, were found (Table I ). The total amount of oxysterols expressed as nanograms per microgram of cholesterol was found to be between 0.5 and 76 in the arterial foam cells. We have no explanation for the very high oxysterol levels found in rabbit number 4. In all cases, the 7-oxygenated compounds were found in higher amounts than the 5,6-oxygenated compounds. Cells were also isolated from WHHL rabbit aortas. However, the lesions in WHHL rabbit aortas were small and few in number, and therefore the recovery of macrophagederived foam cells from these rabbits was too low to allow oxysterol analysis. Fig. 1 shows the distribution of the analyzed oxysterols found in the isolated arterial foam cells. Both rabbit and human cells show about the same distribution of oxysterols except that all three preparations of human arterial-derived foam cells contained high levels of 27-hydroxycholesterol, which was not found in rabbit foam cells. Freshly isolated human arterial foam cells from three different subjects, both CD14 ϩ and unselected foam cells show a very high content of both cholesterol and oxysterols (Table II) . As a comparison, CD14 ϩ monocytes, isolated from a healthy volunteer blood donor, contained a total of 192 ng oxysterols/10 6 cells. Plasma from atherosclerotic rabbits also contained oxysterols. The oxysterols identified in plasma were 7-ketocholesterol, 7 ␤ -hydroxycholesterol, 7 ␣ -hydroxycholesterol, 5,6 ␣ -5,6 ␤ -epoxycholesterol, cholestane-3 ␤ ,5 ␣ ,6 ␤ -triol, and only trace amounts of 24-, 25-, and 27-hydroxycholesterol. The distribu- Figure 1 . Distribution of cholesterol oxidation products in macrophage-derived foam cells isolated from fresh human atherosclerotic aorta and cholesterol-fed NZW rabbit aorta. CD14 ϩ macrophages were isolated by immunomagnetic cell isolation. The lipids were extracted and the oxysterol content was analyzed by gas chromatography-mass spectrometry. Data represent weight percentage of oxysterols analyzed, mean valueϮrange from two human aortas and mean valueϮSE from four NZW rabbit aortas. tion of the different oxysterols in plasma showed that ‫ف‬ 40% was 7 ␤ -hydroxycholesterol and ‫ف‬ 20% was 7-ketocholesterol ( Fig. 2) . When corrected for the cholesterol content, the amount of oxysterols in plasma was ‫ف‬ 0.4 ng oxysterol/ g cholesterol in the cholesterol-fed rabbits ( n ϭ 2), and 0.3 ng oxysterol/ g cholesterol in the WHHL rabbits ( n ϭ 4) ( Table III) . As shown in Table I , the corresponding figure for arterial cells was in all cases higher than in plasma, suggesting an accumulation of oxysterols in arterial macrophage-derived foam cells.
Regulation of lipoprotein lipase by oxysterols.
To determine if oxysterols regulate LPL expression, macrophages were incubated with a series of different oxysterols. As shown in Fig. 3 , addition of 7␤-hydroxycholesterol and 25-hydroxycholesterol resulted in a 70-75% reduction of lipoprotein lipase mRNA at an oxysterol concentration of 5 g/ml medium compared with controls cultured without oxysterols (n ϭ 4, P Ͻ 0.01, Student's t-test). There were no significant changes in the LPL mRNA levels after exposure of the macrophages to cholesterol, 7␣-hydroxycholesterol, 7-ketocholesterol, 5,6␣-epoxycholesterol, cholestane-3␤-5␣-6␤-triol, 24-hydroxycholesterol, or 27-hydroxycholesterol, compared with control. The suppressive effect of 7␤-hydroxycholesterol and 25-hydroxycholesterol on LPL mRNA expression was dose dependent (Fig.  4) . A 30% decrease in LPL mRNA was seen after 24 h incuba- Figure 2 . Distribution of cholesterol oxidation products in plasma from cholesterol-fed NZW rabbit and from WHHL rabbits fed with ordinary rabbit chow. Blood was taken in tubes containing EDTA and BHT. The oxysterol content was analyzed in plasma by gas chromatography-mass spectrometry. Data represent weight percentage of oxysterols analyzed, meanϮrange (n ϭ 2) for NZW rabbits and meanϮSE (n ϭ 4) for WHHL rabbits. tion with 2.5 g/ml of 7␤-hydroxycholesterol, and a 54% reduction occurred at a concentration of 5.0 g/ml. The LPL mRNA level fell ‫ف‬ 13% in the presence of 2.5 g 25-hydroxycholesterol/ml medium, and 62% reduction was seen with 5.0 g 25-hydroxycholesterol/ml. Consistent with the observed changes in the level of LPL mRNA, LPL activity in the medium was reduced after exposure of the macrophages to 7␤-hydroxycholesterol and 25-hydroxycholesterol (n ϭ 3). In addition cholestane-3␤,5␣,6␤-triol and 27-hydroxycholesterol had a significant effect on the activity. The other oxysterols and cholesterol showed minor effects on the levels of LPL activity compared with levels detected in control macrophage cultures (Fig. 5) . Since some of the oxysterols have been reported to be toxic to endothelial cells and smooth muscle cells (9, 10) , HMDM were incubated in one experiment with oxysterols (5 g/ml) for 24 h, after which the cell viability and isolated RNA per cell were measured. The observed effects were not the result of toxicity to the cells, since the cell viability was in all cases Ͼ 98%, and the total amount of RNA isolated per cell was between 4.5 and 5.4 pg for HMDM, irrespective of which oxysterol was used.
To study if the reduction of LPL mRNA by oxysterols was reversible, the induction of LPL by PMA was tested. PMA has been shown to increase LPL in macrophages (24) . HMDM were incubated for 24 h with 25-hydroxycholesterol or 7␤-hydroxycholesterol, PMA (10 nM) was added, and the cells were incubated for a further 24 h. Control cells were incubated for 24 h with 25-hydroxycholesterol or 7␤-hydroxycholesterol, and for a further 24 h without adding PMA. Incubation of HMDM with PMA, in the presence of 7␤-hydroxycholesterol, increased the level of LPL mRNA to 210 molecules/pg RNA as compared with 35 LPL mRNA molecules/pg RNA in the control. The corresponding levels of LPL in HMDM incubated in the presence of 25-hydroxycholesterol were 180 LPL mRNA molecules/pg RNA with PMA and 21 LPL mRNA molecules/pg RNA in the control.
To exclude the possibility that LPL mRNA is suppressed only in CD14-selected macrophages, we have measured oxysterol content and LPL mRNA in a total foam cell preparation. The oxysterol content were similar in CD14-selected cells and in unselected cells. as shown in Table II . The unselected foam cell fraction contained 0.2 LPL mRNA copies/pg RNA. These results are in accordance with the results we have found in CD14-selected foam cells (19) .
Discussion
Macrophage-derived foam cells isolated from human and rabbit atherosclerotic aorta were shown to contain oxidized derivatives of cholesterol. 7-Ketocholesterol was the major oxysterol in macrophages isolated from atherosclerotic tissue, followed by 7␤-hydroxycholesterol and 7␣-hydroxycholesterol in rabbit cells. Human arterial-derived macrophages contained high levels of 27-hydroxycholesterol not found in rabbit foam cells. The 5,6␣-, 5,6␤-epoxycholesterol and their hydration product, cholestane-3␤,5␣,6␤-triol, were found in both human and rabbit cells. The finding that arterial macrophages contain oxysterols, possibly reflects uptake of oxidized LDL. In vitro studies have shown that HMDM incubated with oxidized LDL, but not with native LDL, have an increased content of 7-ketocholesterol (4). The same study also showed that macrophages themselves could modify LDL, which resulted in the generation of oxysterols. The oxysterols identified in oxidized LDL by other investigators show the same lipid profile as the cellular oxysterols in our study: a high concentration of 7-keto-and 7-hydroxycholesterol (3, 4, 35) . In a recent study, we demonstrated that lipoproteins were taken up by foam cells isolated from rabbit aorta after perfusion with labeled lipoproteins. This uptake of lipoproteins was inhibited by adding vitamin E to the incubation medium (24) . Other evidence that macrophages take up oxidized LDL is provided by Rosenfeld and co-workers. They have shown that arterial wall macrophages contain protein epitopes found in oxidized LDL (25) . Taken together, these results suggest that oxidized LDL is taken up by arterial macrophages and can be measured as intracellular accumulation of oxysterols. With the possible ex- Figure 4 . The dose-response effect of oxysterols on the LPL mRNA levels in HMDM. 7-d-old HMDM were incubated with cholesterol, 7␤-hydroxycholesterol, and 25-hydroxycholesterol (0.5 g/ml, 2.5 g/ ml, and 5.0 g/ml) and without sterols (control) for 24 h. Then the total cellular RNA was extracted, and LPL mRNA was quantitated by RT-PCR. Figure 5 . The effect of oxysterols on the LPL activity in the culture media of HMDM. 7-d-old HMDM were incubated with oxysterols and 5 g/ml cholesterol without sterols (control) for 24 h. 10 U/ml heparin was added 30 min before collecting the media. LPL activity was measured in the medium and is expressed as percentage of control. The data represent the mean valuesϮSE of three separate experiments.
ception of 27-hydroxycholesterol (18) , it is not likely that the oxysterols can be further metabolized in the cells.
The oxysterol levels in plasma were higher in cholesterolfed rabbits than in WHHL rabbits. Earlier, it was believed that the oxysterols could be supplied by LDL, originally arising from autoxidation of cholesterol or from dietary sources (36) . However, our results show that oxysterols were present in plasma from both cholesterol-fed rabbits and WHHL rabbits, suggesting that oxysterols could be endogenously produced to some extent. Evidence for in vivo oxidation of cholesterol has been given by Stalenhoef et al. (37) . They measured oxysterols in plasma from WHHL rabbits given a cholesterol-free diet. Low doses of probucol could decrease the levels of oxysterols by 50% (37) . In the present study, cholesterol-fed rabbits were found to have 10 times higher levels of cholestane-3␤,5␣,6␤-triol than the WHHL rabbits, indicating a dietary origin of this product. In contrast, 7␣-hydroxycholesterol was higher in WHHL rabbits than in cholesterol-fed rabbits. High levels of 7␣-hydroxycholesterol may reflect increased activity of the rate-limiting enzyme in bile acid biosynthesis, the hepatic cholesterol 7␣-hydroxylase, catalyzing conversion of cholesterol into 7␣-hydroxycholesterol (38) .
Exposure to lipoprotein-bound oxysterols (39) may induce injury to the cells in the vascular wall (40) . Particularly, cholestane-3␤,5␣,6␤-triol may contribute to inflammation and necrosis (41). Oxysterols may also lead to disruption of the endothelial barrier function (42, 43) . This loss of barrier function could initiate the early events in atherosclerotic lesion formation, by enhancing monocyte adhesion and infiltration (44) . When the oxysterol levels were adjusted for total cholesterol content, the total amount of oxysterol was higher in arterial cells than in plasma, suggesting an accumulation of oxysterols in arterial macrophage-derived foam cells. Formation of the necrotic core may also be increased by cell death due to the toxicity of oxysterols. Taken together, the accumulation of oxysterols in foam cells could mediate toxic and metabolic effects of oxidized LDL on cells in the atherosclerotic lesion.
In previous studies examining the LPL mRNA and activity in CD14 ϩ macrophage-derived foam cells isolated from human atherosclerotic aorta, we found that isolated foam cells expressed low levels of LPL (19) . This finding is in agreement with our results with an unselected foam cell preparation. Other studies have demonstrated, both by in situ hybridization and by immunohistochemistry, that macrophage foam cells express LPL mRNA in human atherosclerotic tissue (45) (46) (47) . It is quite possible that the low levels of LPL mRNA we detect in isolated foam cells could also be detected by in situ hybridization. However, compared with cultured HMDM, the tissuederived macrophages contain very low levels of LPL mRNA.
Since oxysterols are biologically active molecules, we investigated the possibility that uptake of oxysterols by the macrophages could explain the low levels of LPL synthesis found in arterial foam cells. We exposed the macrophages to a concentration of oxysterols similar to that found in arterial foam cells. Our results demonstrated suppression of macrophage LPL mRNA and enzyme activity after incubation with 7␤-hydroxycholesterol and 25-hydroxycholesterol. No effect was seen with cholesterol, 7␣-hydroxycholesterol, 7-ketocholesterol, 5,6␣-epoxycholesterol, cholestane-3␤-5␣-6␤-triol, or 24-hydroxycholesterol. It has been shown that 7␤-hydroxycholesterol and 7␤-hydroperoxycholesterol, an intermediate to 7␤-hydroxycholesterol, exist in human atherosclerotic lesions (48, 49) , and it was observed that fatty streaks show the highest concentration of 7␤-hydroxycholesterol relative to cholesterol (49) . Thus, the possibility may exist that the concentrations of oxysterols necessary to downregulate LPL expression in vitro could be present in vivo in advanced lesions. Studies of the effect of oxysterols on LPL in human macrophages have not been reported previously. Since some of the oxysterols have been reported to be toxic to endothelial cells and smooth muscle cells (9, 10) , the cell viability and isolated RNA per cell were measured. Our results show that, in the concentrations added (5 g/ml), the oxysterols did not decrease the cell viability or the amount of isolated total RNA in HMDM. Furthermore, the suppressed expression of LPL mRNA by 7␤-hydroxycholesterol and 25-hydroxycholesterol could be increased by incubation with PMA. Thus, the suppression of LPL mRNA by 7␤-hydroxycholesterol and 25-hydroxycholesterol is not an effect of decreased cell viability. Although the mechanism of action of oxysterols is not well understood, the existence of cytosolic oxysterol-binding protein suggests that this group of compounds may represent a family of intracellular regulatory factors (50) .
It is known that 25-hydroxycholesterol and other oxysterols have the potential to regulate the expression of HMGCoA reductase and LDL receptor genes (51) . The promoter regions of these two genes contain a cis-acting element termed the sterol-regulatory element (SRE). The SRE-1 appears to be involved in the negative, coordinate regulation of these genes in response to cellular sterol levels (51) . Such a regulatory element could also be found in the 5Ј flanking region of the human apo E gene (52) . Sequence analysis was performed using the GCG package program (53) on the human LPL gene promoter region up to Ϫ1718 bp relative to the transcriptional start site. However, the SRE-1 consensus sequence could not be found in this part of the promoter region of the LPL gene. Thus, other pathways of regulation have to be considered also.
If LPL contributes to foam cell formation in vivo, a regulation of this process by oxysterols may be important. There may be a link between the low LPL synthesis and the oxysterol content in foam cells isolated from atherosclerotic aorta. It is evident that, additional studies will be necessary to determine how oxysterols regulate LPL expression.
In conclusion, we have demonstrated accumulation of oxysterols in macrophage-derived foam cells isolated from atherosclerotic aorta. Our studies suggest that exposure to oxysterols may explain the low levels of LPL mRNA found in these cells. The low expression of LPL in macrophage-derived cells does not support the concept that these cells are a major source of LPL in atherosclerotic tissue. If LPL has any role in foam cell formation, the enzyme probably is derived from other cells, primarily smooth muscle cells, in the lesion. The role of oxysterols as regulators of macrophage function in atherosclerosis has recently been supported in studies from our lab showing that oxysterols may stimulate IL-8 production from macrophages (Liu, Y., L. Mattsson Hultén, and O. Wiklund, manuscript submitted for publication), and, furthermore, some of the oxysterols do downregulate the constitutive expression of the transcription factor AP-1 in macrophages (Ohlsson, B. G., C. Erixon, H. Skribeck, Y. Liu, G. Bondjers, and O. Wiklund, manuscript submitted for publication). Thus, oxysterols may have a central role in the regulation of macrophage function, not only in relation to LPL production, but also for the regulation of cytokine secretion and other cellular functions.
